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Abstract 
Thin films of transition metals oxides are studied and comparison is made for two types of mixed precursors, first 
containing only hexacarbonyls, and second containing tungsten hexacarbonyl and vanadyl acetylacetonate (Vanadium 
(III) acetylacetonate). The best electrochromic material is WO3, although when deposited by Atmospheric Pressure 
Chemical Vapour Deposition (APCVD) films of WO3 grow very slowly. In production stage, the growth-rate is very 
important factor for assuring a flow-through process. Our previous investigations showed that addition of a small fraction 
of lower temperature precursor such as Mo(CO)6, or V(CO)6, to the basic precursor of W(CO)6 result in higher growth 
rate of films. Our recent studies on mixed WxV1-xO3 showed excellent substrate coverage and high growth-rate. V(CO)6 is 
a lower thermally stable precursor that allows the first nuclei-islands to be formed on the hot substrates which further 
facilitate the tungsten oxide film deposition. However V(CO)6 is much too expensive for large-scale production, thus we 
adopted another compound as precursor - vanadium acetylacetonate, expecting eventual growth-rate increase. The paper 
describes optical properties of films of vanadium oxide grown in result of utilizing the acetylacetonate. Besides, the paper 
describes our attempt to deposit mixed films of tungsten/vanadium using a mixed precursor of vanadyl acetylacetonate 
and tungsten hexacarbonyl. To our knowledge this is a new mixed precursor based on largely used single precursors 
namely W(CO)6 and Vanadium acetylacetonate. Efforts were needed to adjust the mixed precursor ratio, keeping in mind 
the vapour pressures of the two chemicals at the deposition temperatures used. The paper presents the results for the 
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visible transmittance and the film material modulation properties, studied by FTIR and Raman spectra. The dependence of 
the films optical behavior on APCVD process parameters, substrate temperatures, vapour source temperature and post 
deposition annealing is presented. 
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1. Introduction 
Transition metal oxides are an interesting class of materials, gathering the research interest in the areas of 
the electrochromic, thermochromic, phase change transition functional elements, sensoring and photocatalitic 
properties. 
The phase transition in materials has been studied for a long time [1], and it is still gathering the research 
interest. In some of recent studies the focus is on the potential of utilizing phase change transition on the 
resulting functional properties [2]. The most exploited materials are the oxide materials, and special attention 
has been paid to vanadium dioxide, undergoing a sharp metal-insulator transition at low temperatures. This is 
the base of many devices like optical detectors, one of which could be the so called “thermochromic 
window”. These windows are simpler, if compared to the electrochromic ones, since it is not necessary to 
implement a second conductive glass serving in the electrochromic window as a counter electrode. Solid state 
sensors are also promising applications of these material. 
Vanadium oxides are known to have many phases, but most attention regarding their electrochromic and 
thermochromic properties is paid to VO2, and the most-oxygen rich oxide, V2O5 [3, 4]. Vanadium dioxide 
goes from semiconducting state (band gap of approx. 0.6 eV) with monoclinic phase to a metallic state, [5-7] 
with tetragonal phase, at 68oC. The transition provokes a fully band gap collapsing, and in result gradually 
growing of initially formed nano-scale islands of metal, immerge in an isolating VO2. The process ends in 
percolating of these islands and forming fully metallic state at the transition temperature. 
Different deposition techniques are utilized to deposit VO2 films, here we consider the CVD technology, 
utilizing acetylacetonate of vanadium as a precursor [8-10]; possible other precursor is oxychloride of 
vanadium [11-12]. Although the two single precursors, adopted in this study, are largely studied their 
utilization in a mixed precursor is original. 
Our previous investigations showed that addition of a small fraction of lower temperature precursor such as 
Mo(CO)6, to the basic precursor of W(CO)6 results in higher growth rate of films [13]. Our recent studies on 
mixed WxV1-xO3 showed excellent substrate coverage and high growth rate. V(CO)6 is a lower temperature 
compound, the first nuclei-islands formed on the hot substrates facilitate the tungsten oxide film deposition. 
However the precursor V(CO)6 is much too expensive for large-scale production, thus we adopted another 
material as a precursor - vanadium acetylacetonate, expecting eventual growth-rate increase. In our previous 
work reported [14] on mixed W-V-O APCVD films, mixture of the two types of the metals hexacarbonyls 
was used. The obtained films were well adhered, homogenous, and they exhibited electrochromic effect when 
a small voltage is applied. The color efficiency of 20.114 cm-2/C was obtained without optimization, and the 
optical modulation was 65% at wavelength of 550 nm. After annealing at 500oC, the CE decreased to 11 
cm2/C, the optical modulation increased to 73% for the same wavelength. Although films exhibit 
electrochromic effect, and the electrochromic performance can be further improved, the high price of the 
vanadium hexacarbonyl, as well as its high sensitivity to air, are drawbacks of these materials technology, it is 
not applicable in large scale production. A new precursor of vanadyl acetylacetonate was adopted in the 
present study, which is largely investigated recently for thermochromic single vanadium oxide deposition. 
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Authors [15] deposited VO2 in the range of 475 - 520oC. Although the used temperature change was small, 
the grown films of VO2 differ significantly: at 520oC films have been porous and not specifically oriented, 
while at 475oC the authors declare dense films with very strong orientation (200) [15]. 
In this paper results for the APCVD deposition of VO2 films from vanadyl acetylacetonate are presented 
related to films structural and optical properties. The successful deposition of mixed W-V-O films, from 
precursor mixture of VO(acac)2 and V(CO)6 has been obtained and their morphological and structural 
properties studied. 
2. Experimental 
Vanadyl Acetylacetonate as possible vanadium precursor was used. In order to implement successfully the 
new mixed precursor based on W(CO)6 and the acetylacetonate of vanadium in our technological APCVD 
set-up, we first deposited thin films of VO2, to determine in our CVD system the required higher deposition 
temperatures. The W(CO)6 as lower temperature material would supply more vapors at higher vapor source 
temperature compare to the acetylacetonate. To avoid two separate vapor source-installations, as more energy 
consuming, we succeeded to obtain mixed oxide films employing one vapor source approach. With CVD 
deposition of vanadium oxide films the lowest possible deposition temperature, and vapor source temperature 
were determined. 
The substrates used are glass substrates, including conductive glass (Donnelly type, In2O3:Sn, or SnO2:Sb 
with sheet resistance of 15 ohm/sq). They were arranged over a graphite block (Carbosil-100, Ultra Pure SiC 
Coated Graphite Product of CARBON OF AMERICA, Ultra Carbon Division) and then inserted in a quartz 
CVD reactor with 110 mm diameter, the configuration is cold wall CVD reactor. The heating of the substrates 
to the required temperature is accomplished by high frequency generator, where the graphite has been heated 
inductively. The vapor source sublimator is an especially shaped glass tube immersed in a silicon oil-bath, 
heated and stirred by an electro-magnetic stirrer. The oil bath temperature is controlled by a contact 
thermometer. The technological line heating tapes (Galtek type) along the path from the sublimator to the 
CVD reactor must be heated at higher temperature than the used sublimator temperature to avoid plugging of 
the passing precursor vapors. The carrying gas used is argon and respectively, the reactive gas is oxygen. 
The following technological conditions were determined: for a first set of VO2 samples: substrate 
temperature 400oC, vapor source temperature 140oC, deposition time duration 40 minutes, single precursor of 
Vanadyl Acetylacetonate. The literature shows 140oC as one of the lowest precursor source temperatures used 
when depositing VO2. In our previous work [13, 16] with W(CO)6 we have used sublimation temperatures 
lower than 140oC. At these conditions, the hexacarbonyl precursor is expected to induce formation of WO3 
nuclei islands on the hot substrate, and then VOx starts to grow. This differ from our previous experience 
where we succeeded to increase the Mo-W-O films growth rate considerably by involving Mo(CO)6 [16, 17] 
as a lower substrate temperature material. A second set of VO2 films was deposited: the CVD parameters are 
kept the same (substrate temperature 400oC, deposition time duration 40 minutes, single precursor of Vanadyl 
Acetylacetonate) with exception of the vapor source temperature, which in this set was higher-  170oC. After 
determination of the CVD VO2 temperature conditions, a mixed precursor of W(CO)6/vanadyl acetylacetonate 
in a ratio 1:2 was prepared. The reason for choosing such a ratio was to make the two vapor pressures as close 
as possible. Vapor pressures of W(CO)6 precursor used are calculated according to the following equations: 
(1) log P=11,523 - 3872/T [18], (2) log P=10,947 - 3640,4/T [19], (3) log P=12,094 - 4077/T [20], (4) log 
P=11,538 - 3886/T [21]. The obtained values from all the relations are very close. We postulated as vapor 
source temperature 170oC. The vapor pressure of Vanadyl acetylacetonate precursor for the two temperatures, 
170oC and 140oC, used for depositing of VO2 films (170oC was chosen for depositing of the mixed W-V-O 
films) are selected considering the gravimetric curve in [22].  Considering these data for the vapor pressures, a 
third set of W-V-O films was prepared. By estimating the vapor pressures for the two chemicals, a mixture in 
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a ratio 1:2 in favor to the vanadyl acetylacetonate was used, and the sublimator temperature was fixed at 
170oC. The proper heating of the technological lines to a temperature at least of 170°C was assured. The ratio 
of the source vapors to the reactive gas oxygen flow-rates was 1:32, determined by the Ar flow-rate passing 
through the vapor source chamber, towards the flow-rate of oxygen entering the reactor through a separate 
line. Thus, successful depositions of vanadium oxide and mixed W-V-O films have been performed. 
The film thickness was estimated using Talystep Profilometer. Additional justification of the film thickness 
was made by ellipsometry measurements, used to determine the optical constants of the films. The laser 
ellipsometer at the wavelength of 632.8 nm has been used. 
Structural properties were studied by FTIR and Raman spectroscopy. FTIR measurements were performed 
in the spectral range of 350-1200 cm-1 by Shimadzu FTIR Spectrophotometer IRPrestige-21. The studied 
samples were the ones deposited on Si substrates and bare Si wafer (p-Si, with orientation <100>) was used as 
background. The Raman spectra were obtained using LabRAM HR Visible micro-Raman spectrometer. The 
633 nm line of a He-Ne laser were used for excitation. An X100 objective was used both to focus the incident 
beam and to collect the scattered light in backscattering configuration. No overheating effects were observed 
at any laser power, by this reason the highest power (7.0 mW) was used. 
The surface micrographs of the studied samples are taken by optical microscope Olympus BX41 equipped 
with a CCD detector, supplied with X50 objective, the visible area is 200 μm x160 μm, attached to Raman 
spectrometer. 
 
3. Results and Discussion 
 
The thickness of the VO2 films deposited at 400oC and vapour source temperature of 170oC is 349 nm; 
refractive index 1.53. After annealing at 500oC for 1 hour in air, the evaluated thickness is the same, 350 nm; 
refractive index is 1.525, the same as for the as-deposited VO2 film. VO2 film deposited at 400oC substrate 
temperature, and 140oC vapour source temperature has thickness of 316 nm; and mixed film of W-V- O 
deposited at 550oC and vapour source temperature of 170oC, deposited on Si substrate is 196 nm. Possible 
explanation of the observed decreasing of the thickness of the mixed films can be that the vapors of the mixed 
precursors seek cooler surfaces (the internal quartz reactor tube walls were covered with thick deposit). The 
mixed W-V-O films looked like porous, visually separate islands-like-shapes were seen as randomly 
distributed through the film surface surface. 
In this study, VO2 films obtained at the lower deposition temperature of 400oC are thick, well adhered, 
revealing two separate phases existing on their surfaces as can be observed from Figures 1 and 2. Well seen 
are oriented in one direction crystals distributed on probably amorphous-like phase. Similar behavior is 
reported by Sahana et al. [15]. The authors [15] speculate that such a tendency for stronger oriented crystals at 
lower deposition temperature is due to the nature of the chemical reaction involved. The higher mobility 
needed for stronger preferred orientation at lower deposition temperatures is possibly provided by the 
enthalpies of the chemical processes occurring on the substrate surface, as it is discussed in [7]. 
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The two sets of VO2 films differ in their thicknesses, the small difference originating possibly from the 
different vapor source temperature, namely 140°C for the thinner films (Sample 2), and 170oC for the thicker 
films (Sample 1). 
Figure 3 presents transmittance and reflectance spectra in the VIS and NIR of the two set-samples of VO2 
films on conductive glass substrates, where Sample 1 is deposited at 400oC and 170oC of the vapour source 
and sample 2 is deposited at 140oC temperature of the vapour source, and 400oC deposition temperature.  
Films are not subjected to the post deposition annealing. FTIR spectra of sample 1 and 2 are shown on Figure 
4. The broad band from 400 to 750 cm−1 is mainly attributed to the stretching modes of doubly coordinated 
oxygen (V2–O) and triply coordinated oxygen (V3–O) bonds. The peak at 414 cm−1 is attributed to stretching 
V-O vibrations [23, 24], and it can be found in two spectra. The peak at 538 cm−1 can be assigned to the 
bridged V–O–V stretching vibrations (longer V–O bonds) [24, 25]. The IR line at 554 cm−1 corresponds to the 
stretching vibrations of the (V-O-V) bridging bonds [26]. The peaks at 697, 809 and 812 cm-1 are due to the 
lattice vibrations in vanadium oxide network [27, 28]. The peaks at 865 and 907 cm-1 are attributed to VO2 
(B) IR bands [28]. 
 
 
Fig. 1. Thick two-phase amorphous VO2 layer with separate 
correlated mono-crystals (100X 80 ȝm); 100X zoom. 
 
Fig. 2. Thick two-phase amorphous VO2 layer with 
separate correlated mono-crystals (200X 160 ȝm); 
50X zoom. 
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Figures 5 and 6 present the Raman spectra of sample 2 in as deposited and after 500oC annealed films. 
Very strong and clear peak is observed at 122.5 cm-1, which is assigned to the stretching mode of (V2O2)n, 
which in turn correspond to the chain translation [29]. The weak low frequency Raman peak at 198.5 cm-1 is 
due to VO2, and corresponds to the lattice vibrations. This peak is strongly associated with the layered 
structure [30]. The peak at 227.6 cm-1 is weak for Sample 2, and strong for Sample 1, is due to Ag modes of 
VO2 [29, 30]. V–O–V stretching and bending modes are assigned to the frequencies 286, 408, 523 and 694 
cm−1 [31], and V2O5 V=O bending (V2O5) [32]. In our case those peaks are centered at 293.9 cm−1, 411.9 
cm−1, 526.7 cm−1. The weak peak at 816.2 cm−1 is assigned to the Bg modes of VO2 [29]. The clear strong 
peaks above 833.9 are attributed mainly to V-O and V4+-O bonds (833.9, 871.1, 874.4, 919.6, 937.4 cm−1) 
[29, 33]. 
 
Fig. 3. Transmittance and reflectance spectra in the VIS and NIR of the two set-samples of VO2 
films on conductive glass substrates, where Sample 1 is deposited at 400oC and 170oC of the 
vapour source and sample 2 is deposited at 140oC temperature of the vapour source, and 400oC 
deposition temperature; Films are not subjected to the post deposition annealing. 
 Georgi Bodurov et al. /  Physics Procedia  46 ( 2013 )  127 – 136 133
The FTIR measurements of mixed W-V-O 
films deposited at 550oC substrate temperature 
and vapour source temperature of 140oC 
showed week spectrum, due to the porous type 
of structure of the film deposited, lack of well 
formed continuous film. At the same time a 
thick deposit on the quartz reactor walls 
existed, which is an evidence for enough 
vapours reaching the CVD reactor.   
Figure 7 shows the Raman spectra of the 
mixed V-W-O oxide film on Si substrate 
together with inset of their surface structure. 
The peak at 104 cm-1 is due to lattice 
vibration. Low frequency Raman peaks at 145 
and 197 cm-1 are strongly associated with 
layered structure [33]. In our case this peak is 
shifted towards 152 cm-1. The weak peak at 
234 cm-1 is due to the vibrations bending of 
į(O-W-O). The band at 304 cm-1 is attributed 
to the bending vibrations of crystalline WO3. 
The strong peak around 525 cm-1 is related to 
the Si substrate. The peak at 669 cm-1 is 
related to double coordinated oxygen V2+-O 
stretching mode or monoclinic WO3 [34, 35]. The broad band at 852 cm-1 and the peak at 942 cm-1 are related 
to V4+-O bonds and W=O [29]. The results are cross-proved by FTIR spectra measurements, which are not 
included here. 
On the films surface from the same set of mixed W-V-O oxide films deposited on glass substrate well seen 
are spherical “droplets-like” particles evenly distributed over the surface area of the glass. The structure of 
these formations is seen in the micrograph, inserted in Figure 7, taken by microscope, attached to the Raman 
spectrometer. FTIR and Raman studies prove the existence of vanadium and tungsten oxide phases into the 
films. 
 
 
Fig. 4. FTIR spectra of the VO2 films (in as-deposited state and after 
annealing at 500oC). 
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Fig. 5. Raman spectrum of as deposited film, the intensity axis is extended in order 
to be seen the Raman peaks as there is a great amount of amorphous phase. 
 
 
Fig. 6.  Raman spectra of CVD VOx film (Sample 2) after 500oC annealing. The film is 
consisted of two phases: amorphous (phase 1) and crystalline (phase 2), the embedded 
image reveals the two phases as the monocrystals give the crystalline phase. 
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3. Conclusions 
Thin films of single oxide of VO2 films with well oriented crystals distributed in amorphous-like phase 
were obtained. VO2 films are grown on different type of substrates, such as ordinary glass, conductive glass 
and Si. The thickness values of VO2 films are in the range of 320-350 nm. At certain technological conditions, 
the optical transparency of VO2 films on conductive glass is very good (up to 80%). 
APCVD deposition of mixed W-V-O films has been successfully achieved by using a new mixed precursor 
based on W hexacarbonyl and Vanadyl acetylacetonate. The mixed oxide films thickness of 198 nm decreases 
in comparison with the thickness of single vanadium oxide VO2 films probably due to higher than necessary 
substrate temperature. A decrease of the substrate temperatures is envisaged in future experiments. 
FTIR and Raman analyses showed monoclinic crystalline WO3 phase, existing in the mixed oxide 
structure, together with vanadium oxide phases, like VO2, V2O5 phases. Experiments are envisaged to find out 
the substrate temperatures leading to higher growth-rates of mixed W-V-O films utilizing the new mixed 
precursor. 
 
 
 
 
Fig. 7. Raman spectrum of WxV1-xO3 film on Si substrate, the intensity axis is extended in 
order for the Raman lines to be seen. There is a predominant fraction of amorphous phase. 
The strongest peak at 520 cm-1 is related to Si substrate. The embedded image is taken by 
Raman microscope. On the same figure is inserted also the surface structure of the same 
film. 
136   Georgi Bodurov et al. /  Physics Procedia  46 ( 2013 )  127 – 136 
References 
[1] Mott N. F., 1968. Metal-insulator transition. Rev. Mod. Phys. 40, p. 677–83. 
[2] Kravchenko S. V., Sarachik M. P., 2004. Metal-insulator transition in two-dimensional electron systems. Rep. Prog. Phys. 67, p. 1–44. 
[3] Granqvist C.G., 1995. Handbook of Inorganic Electrochromic Materials, Elsevier Science, Amsterdam. 
[4] Vasyutinski N. A., 1986.  Inorg. Mater. 22, p. 1755-1758. 
[5] Qazilbash M. M., Brehm M., Chae B. G., Ho P. C., Andreev G. O., Kim B. J., Yun S. J., Baltsky A. V., Maple M. B., Keilmann F., 
Kim H. T., Basov D. N., 2007. Science 318, p. 1750. 
[6] Choi H. S., Ahn J. S., Jung J. H., Noh T. W., Kim D. H., 1996. Phys. Rev. B 54, p. 4621. 
[7] Yang Z., Ko C., Ramanathan S., 2011. Annu. Rev. Mater. Res. 41, p.337. 
[8] Babkin E. V., Charvey A. A., Dolgarev A. P., Urinov H. O., 1987. Thin Solid Films, 150, p. 11-14. 
[9] Greenberg C. B., 1983. Thin Solid Films 110, p. 73-82. 
[10] Serbinov I. A., Ryabova L. A., Savitskaya Y. S., 1975. Thin Solid Films 27, p. 171-176. 
[11] Fan J. C. C., Paul W., 1970. Vide 150, p. 232-243. 
[12] Takei H., 1968. J. Appl. Phys. 7, p. 827-836. 
[13] Gesheva K.A., Eds./Authrs., 2007. Thin Film Optical Coatings for Effective Solar Energy Utilization: Spectrally Selective Surfaces 
and Energy Control Coatings, Nova Publishers, New York. 
[14] Bodurov G., Ivanova T., Abrashev M., Gesheva K. A., 2012. Study of electrochromic APCVD WO3-V2O5 films. Journal of Physics: 
Conference Series 398, 012016 doi:10.1088/1742-6596/398/1/012016, 17 ISCMP, ISSN 1742-6588 (Print); ISSN 1742-6596 
(Online). 
[15] Sahana M. B., Dharmaprakash M. S., Shivashankar S. A., 2002. Microstructure and properties of VO2 thin films deposited by 
MOCVD from vanadyl acetylacetonate. J. Mater. Chem. 12, p. 333-338. 
[16] Gesheva K. A., 2007. Research and Technology Aspects of CVD transition metal oxide electrochromic thin films. Recent data for 
the electrochromic materials performance objectives, in “Recent Development in Solar Energy”, Editor Tom P. Hough, Nova 
Science Publishers, New York. 
[17] Gesheva K. A., Szekeres A., Ivanova T., 2003. Optical Properties of APCVD Thin Films of Molybdenum and Tungsten Based Metal 
Oxides", Ref. Journal: Solar Energy Materials and Solar Cells 76, p. 563 – 576. 
[18] Chellapa R., 2005. J.Chem.Thermodynamics, 37, p. 377. 
[19] Chandra D. et all., 2005.  J. of Phys. and Chem. of Solids 66, p. 241. 
[20] Thomas L.K. et all., 1994. Proc. SPIE, p. 2255. 
[21] Yous B. et all., 1985. Thin Solid Films 130, p. 181. 
[22] Kunte G.V., Ujwala A., Ajikumar K., Tyagi A. K., Shivashankar S. A., Umarji A. M., 2011. Estimation of vapour pressure and 
partial pressure of subliming compounds by low-pressure thermogravimetry, Bull. Mater. Sci. 34, p. 1633–1637. 
[23] Zhenfei L, Zhiming W., Xiangdong X., Wang T., Jiang Y., 2011. Thin Solid Films 519, p. 6203–6207. 
[24] Jagtap M. A., Kulkarni M. V., Apte S. K., Naik S. D., Kale B. B., 2010. Materials Science and Engineering B 168, p. 199–203. 
[25] Najdoski M., Koleva V., Demiri S., 2012. Materials Research Bulletin 47, p. 737–743. 
[26] Zhang Y., Liu X., Xie G., Yu L., Yi S., Hu M., Huang C., 2010. Mater. Sci. Eng. B 175, p. 164-171. 
[27] Vedeanu N., Cozar O., Stanescu R., Cozar I.B., Ardelean I., 2013. Journal of Molecular Structure, 
http://dx.doi.org/10.1016/j.molstruc.2013.01.078. 
[28] Nam S. P., Noh H. J., Lee S. G., Lee Y. H., 2010. Materials Research Bulletin 45, p. 291–294. 
[29] Rama N., Ramachandra M.S., 2010. Solid State Communications 150, p. 1041-1044. 
[30] Kiri P., Warwickb M. E. A., Ridley I., Binions R., 2011. Thin Solid Films 520, p. 1363–1366. 
[31] Vernardou D., Spanakis E., Kenanakis G., Koudoumas E., Katsarakis N., 2010. Materials Chemistry and Physics 124, p. 319–322. 
[32] Tousley M.E., Wren A.W., Towler M.R., Mellott N.P., 2012. Materials Chemistry and Physics 137, p. 596-603. 
[33] Vernardou D., Paterakis P., Drosos H., Spanakis E., Povey I.M., Pemble M.E., Koudoumas E., Katsarakis N., 2011. Solar Energy 
Materials & Solar Cells 95, p. 2842–2847. 
[34] Gremonesi A., Djaoued Y., Bersini D., Lottier P.P., 2008. Thin Solid Films 516, p. 4128-4132. 
[35] Pacheco A., Montes de Oca C. O., Castaneda-Guzmán R., Esparza García A., 2012. Applied Surface Science 261, p. 327– 331. 
 
